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A thorough knowledge of localized stresses due to
geometric effects is necessary for accurate fatigue life
estimation in aircraft structures. The Department of
Aeronautics, Naval Postgraduate School, Monterey, California,
has developed a strain monitoring system that provides data
on nominal stresses experienced by aircraft structures, which
can be applied to obtain local stresses at a stress concen-
tration, provided a local stress vs. nominal strain relation-
ship is available. A theory proposed by Neuber lends itself
to development of a method by which local stress can be
obtained with knowledge of nominal strain and material
properties alone.
Neuber's theory was evaluated by comparison of experi-
mental stress concentration factors with theoretical values
for plates with central holes and was found to be a valid
basis for obtaining local stress from nominal strain.
Stress relaxation behavior was obtained for two cyclic
loading histories of plate specimens in an effort to extend
the monotonic local stress vs. nominal strain relationships
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I. INTRODUCTION AND LITERATURE SURVEY
The ability to predict the fatigue life of aircraft
structures accurately and with reliability is of prime
concern to structural engineers.
Prior to any attempt to derive a valid fatigue life
theory one basic requirement must be satisfied. A thorough
knowledge of localized stresses due to geometric effects is
necessary and, because these stresses can not be measured
directly, an accurate method of determining them analytically
must be found which is applicable to a variety of loading
situations and configurations. From a more realistic and
practical standpoint fatigue life estimation would be greatly
facilitated if stresses could be calculated based on actual
inflight strain histories, data that are quite easily
obtained in realistic situations but difficult to simulate
in a laboratory. Specifically, if a relationship between the
nominal strain in a structural component and the local stress
at a stress raiser could be developed based on structural
configuration, then the easily measured nominal strain would
provide a local stress. Knowledge of this local stress is
critical to fatigue life estimation, since fatigue failures
originate at the stress raiser.
In a survey of the literature to determine if a satis-
factory method for determining local stress exists, and if
such a method would be adequate with only nominal strain and

the material properties known, one relationship was frequently
encountered. This relationship, postulated by Neuber (Ref. 1),
states that the geometric mean of the stress concentration
factor, K , and the strain concentration factor, K , is
equivalent to the elastic stress concentration factor, K.
,
even in nonlinear stress-strain regions, or









Numerous examples of the adequacy of this relationship in
calculating stress-strain curves were found. Crews used a
modified form of the relationship in loading sequence tests
(Ref. 2), and in a study of stress-strain behavior at notch
roots (Ref. 3), and found the stresses thus calculated corre-
lated very closely with experimentally determined stresses.
Wetzel studied the accuracy of the relationship with three
different types of data taken in experiments involving smooth
specimen simulation of fatigue behavior of notches (Ref. 4).
Morrow et_ aj_.
,
also confirm the validity of the equation by
comparison of fatigue failures at different stress concentra-
tion factors (Ref. 5). Since the Neuber relationship involved
the factors of interest in this investigation and in light of
10

past results, it appeared that Neuber's theory might prove
to be a satisfactory basis on which to establish a method for
calculating local stress using nominal strain.
During the course of this study the requirement for a
stress-strain relationship was expected. However, due to
the dependence of fatigue on cyclic loading a monotonic
stress-strain relationship alone appeared to be insufficient
and a cyclic-stress-strain curve would be required in addi-
tion to the monotonic one. Landgraf et_ a_l_. , conducted a
literature survey to determine whether an exact definition of
a cyclic stress-strain curve existed and found none (Ref. 6).
They did, however, propose an incremental step test method
for determining a cyclic stress-strain curve whereby a
uniaxial specimen is taken into tensile yield, then compres-
sive yield, then cycled in tension and compression to
decreasing values of strain. The locus of the maximum values
of strain obtained from the resulting hysteresis loops forms
the cyclic stress-strain curve. This method was adopted for
use in this study.
Because the local stress-nominal strain relationships
expected to be developed from this study would eventually be
applied to actual aircraft structures under fatigue analysis,
a specimen representing a realistic structural component was
sought. A plate with a central hole was decided upon due to
its commonality in almost all aircraft structures. The plate
specimen was expected to provide local and nominal stress and
11

strain data which would be representative of that found in
actual structural comDonents.
During the literature survey a dependence of fatigue on
loading history was shown by Crews (Ref. 2), Naumann (Refs.
7 and 8), Schijve (Refs. 9 and 10), and Potter (Ref. 11).
In order to establish a basic foundation of knowledge from
which to extend into more sophisticated loading histories,
two simple loading situations were proposed. Single and
dual, or repetitive high-low, amDlitude loading programs
were chosen to compare the effects of different loading
histories on stress relaxation behavior, a necessary factor
in the determination of local stress in cyclic loading
situations. In the tests proposed, the requirement for
compressive loading of the plates was ruled out on the basis
that in actual aircraft structures such loads, in the higher
stress regions to be encountered, would cause buckling and
change the nature of the investigation entirely.
In summary, this investigation was directed toward
determining a method whereby local stress can be calculated
from knowledge of nominal strain and material properties
alone. Local stress relaxation behavior was examined in order
to extend the local stress vs. nominal strain relationship
to the determination of local stress under cyclic loading




II. STRESS-STRAIN DATA ON UNIAXIAL
SPECIMENS OF 7075 T-6 ALUMINUM
A. INTRODUCTION
In order to provide a sound data base for comparison
with data obtained in tests on plate specimens with central
holes (Figs. 1 and 2), uniaxial specimens of 7075 T-6
aluminum (Figs. 3 and 4) were subjected to three different
tests. The first test was designed to obtain monotonic and
cyclic stress-strain curves. The second and third were
single and dual amplitude cyclic loading tests, which were
designed to obtain monotonic stress-strain curves and stress
relaxation data under two different types of loading. The
single amplitude cyclic loading test was designed to
repeatedly load the specimen to a predetermined strain, which
remained constant throughout the test. The dual amplitude
cyclic loading test was designed to alternately load the
specimen to two predetermined strains, one approximately
twice the magnitude of the other.
The data obtained from the uniaxial specimens were
considered indicative of the properties of the material at
the location of stress concentration factor (Ref. 3) and
would provide a consistent and readily duplicated basis for
determining behavior of other specimens of the same material








Plate specimen with central hole











































The testing of the uniaxial specimens was done using an
MTS Systems Corporation closed-looD, servo-controlled testing
system (Figs. 5 and 6). The system was driven under strain
control by an internal function generator or by an Electronics
Associates, Incorporated PACE TR-20 analog computer. Outputs
of voltages representing load and strain on the specimen
being tested were input to a Hewlett-Packard X-Y recorder and
a Hewlett-Packard dual trace strip chart recorder.
The uniaxial specimens used in the tests were constructed
of 7075 T-6 aluminum in accordance with ASTM recommendations
(Ref. 12). Each specimen had a test section cross-sectional
area of one square inch in order that load might be inter-
preted directly as stress on the specimen. Strain gages were
mounted as shown in Figure 3.
Prior to the actual tests, an alignment check, as
described by ASTM (Ref. 12), was performed on the load cell
test bed to ensure that strains due to bending from misalign-
ment would not be introduced into the specimens. The maximum
percent bending ranged from 2.37 to 4.43 percent (Table 1),
with the average being 3.30 percent. This is within the 5.0



























Specimens were mounted and secured in the test system
in accordance with current NITS Corporation instructions
(Ref. 13). Care was taken to ensure that each specimen was
not damaged nor yielded prior to any test.
Before each test was begun, strain gages mounted on the
specimen were zeroed and calibrated while the specimen was
hanging unattached in the machine, and according to standard
practice. The load cell output voltage was also zeroed at
this time. All recorders in use for a particular test were
calibrated with a known input voltage to ensure accurate
reproduction of voltage outputs from the test system.
B. CYCLIC STRESS-STRAIN CURVE TESTS
1 . Description of Test
To obtain the desired mono tonic and cyclic stress-
strain curves for 7075 T-6 aluminum, an incremental step test
similar to that proposed by Landgraf e_t aj_. (Ref. 6) was
uti 1 i zed.
The closed-loop, servo-controlled material testing
system used did not have a function generator capable of
providing a periodic, decreasing amplitude function required
for the incremental step test. To obtain such a function
to drive the testing system, an analog computer and the beat
phenomena, obtained from summing two sinusoidal functions,

























X(t) = R Cos(w,t + <$>)
where
and
R = R, + R , co-, > co« , co-, f co<-> , Aw = co - co 2'
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By appropriate selection of the variables R, , R
2
, w, , and
co
2
the resultant output will oscillate at co, between R-, + R
?
and R, - R
2
at a rate of Aco (Fig. 7). Beginning at the
maximum amplitude and continuing for approximately one half
A +the beat period, -*-, a cyclic decreasing amplitude function
is obtained.
Both the analog computer and the material testing
system operate on + 10.0 VDC. To utilize the full capability
of the system, a maximum amplitude of R = + 10.0 VDC and a
minimum of R = 0.0 VDC were desired. Thus, R-| = 5.0 VDC and
R
2
= 5.0. VDC were chosen for maximum input amplitudes. A





adequate to remain within testing system and recorder
limitations. Likewise, a cyclic frequency of f = t c/s was
desired to provide the cyclic output function period of
4 c/s. Thus, oi-j = j rad/s was assumed, fixing w 2 = tq~* rad/s
since Aw = Jg- rad/s. The two input functions used were




(t) 19= 5.0 Cos (^jirt)
To produce these functions, differential equations
for analog solution were programmed as follows:
and





(t) = - 2.2268 X
2
(t)
In constructing the scaled analog solution, the
actual equations used were
and
^ (t) = - 0.24674 X ] (t)
X
2
(t) = - 0.22268 X
2
(t)
These provided a more satisfactory beat period of
At = 252.95 s/c. Thus the cyclic period became 12.65 s/c
or twenty oscillations in one beat period.
The output of the analog computer was supplied as
input to the controller of the material testing system under
strain control. Initially the output amplitude of the analog
24

computer was set to zero by zeroing the initial conditions
on the input functions. By manually increasing the initial
conditions on each input function to the values calculated
for solution, the output was increased to + 10.0 VDC, putting
the specimen into tensile yield. Reversing the procedure
and manually decreasing the initial conditions to zero,
reversing the polarity of the output and manually increasing
the initial conditions to the calculated values, produced a -
10.0 VDC output which placed the specimen in a compressive
yield condition with the strain equal to the initial tensile
yield strain. This was done to provide a symmetric cyclic
stress-strain curve.
The analog computer was activated with the specimen
in compressive yield and allowed to cycle until the load-
strain curve plotted by the X-Y recorder became linear
through the origin, at which time the test was terminated




Output voltages representing load and strain on the
specimen were input to an X-Y recorder to provide a series
of load, or stress, versus strain curves throughout the test.
The uniaxial specimen was constructed with a test section
cross-sectional area of one square inch, thus allowing load








The X-Y recorder plot of output voltages of stress
and strain provided a series of hysteresis loops, each with
a maximum strain amplitude less than the preceding loop
(Fig. 8). The locus of the tips of these loops, when plotted
2
in terms of stress in Lbf/in and strain in uin/in, is the
desired cyclic stress-strain curve (Fig. 9 and Table 2). The
slightly "S" shaped curve is symmetrical about the origin in
tension and compression. The modulus of elasticity calcu-
lated from the linear portion of the curve was
E = 10.18 x 10 6 Lbf/in 2 *
The initial loading of the specimen provided
voltage outputs of stress and strain with which to construct
the monotonic stress-strain curve (Figs. 9 and 10 and Table
3). The modulus of elasticity calculated from this curve
was E = 10.67 x 10 6 Lbf/in 2
.
The two percent yield stress obtained from the
2
monotonic stress-strain curve is 78,000 Lbf/in . This yield
stress and the modulus of elasticity compare favorably with
2
the theoretical values generally accepted to be 77,000 Lbf/in
and E = 10.3 x 10 6 Lbf/in 2 .
Values of stress and strain from the monotonic
curve were used to produce a stress x strain (ae) vs. stress
curve (Fig. 11 and Table 3). This curve was for later use
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C. SINGLE AMPLITUDE CYCLIC LOADING TEST
1 . Description of Test
A knowledge of the stress relaxation behavior in
a uniaxial specimen of 7075 T-6 aluminum subjected to single
amplitude cyclic loading was required for comparison with
relaxation behavior in the plate specimens. The initial
loading cycle furnished stress and strain data for construc-
tion of a monotonic stress-strain curve, which was compared
with other similar curves previously mentioned.
The function generator installed in the MTS system
was capable of producing a havers ine function to drive the
system under strain control. Maximum amplitude of the
haversine function was set to provide 7.3 VDC of the 10.0 VDC
available. This input amplitude corresponded to 11167 y in/in
strain in the specimen. The specimen was cycled 275 times
to the maximum strain value. A dual trace strip recorder and
an X-Y recorder were used to plot load and strain output
vol tages .
2. Test Results
The plot of stress and strain provided by the X-Y
recorder allowed calculation of data points from the initial
loading cycle for construction of a monotonic stress-strain
curve (Fig. 12 and Table 4). The modulus of elasticity
calculated from the linear portion of the curve was
6 2
E = 10.0 x 10 Ibf/in . The yield stress was found to be
?
80,000 Ibf/in . Values of stress and strain from this curve
31












Mo no tonic stress-strain curves
from single and dual amplitude
cyclic loading test on uniaxial
specimens
O - single amplitude test
HQ - dual amplitude test
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were used to construct a stress x strain (ae) vs. stress
curve (Fig. 13 and Table 4) for later use in the plate tests
and for comparison with those of the other uniaxial specimen
tests
.
The stress output voltages obtained from the dual
trace recorder were converted to Ibf/in (Table 5) and
plotted against the cycle number, N, on semilog graph paper
(Fig. 14) to indicate stress relaxation behavior graphically
The locus of data points appeared to form a straight line
indicating stress relaxation behavior could be represented
by an exponential equation of the form
-bN
a = a* e
o
A least squares exponential curve fit calculator algorithm
was applied to the data on 253 points out of 275 taken. The
resulting equation was
-3
a - 73160 e-< 3 ' 177 X 10 > N .
A correlation coefficient of 0.994 was calculated for the
fit. Thus the relaxed stress value at any cycle number, N,
could be obtained with a high degree of accuracy.
D. DUAL AMPLITUDE CYCLIC LOADING TEST
1 . Description of Test
Knowledge of the effects of dual amplitude cyclic
loading on stress relaxation behavior in uniaxial specimens





























oo 0) C E
U0 r- ~r— •r-
CO oi-o u
i- C (T3 cu







































<u z <— -o C
j_ i O 3 O
3 O >>-M
o» U t- -M
— m




to a) c E
(/» 1— T- •!—
a> CT»-a u








a w co \o in CO CM
35

results of the single amplitude cyclic loading test on a
uniaxial specimen and the plate tests.
The MTS system's function generator did not have
the capability of producing a dual amplitude, cyclic function
The analog computer and the beat phenomena used in the cyclic
•stress-strain curve test were applied to the problem in a
modified form. A function with a low, positive amplitude of
one half that of the high amplitude was desired (Fig. 15).
For optimum utilization of the system this required a
maximum high amplitude output voltage of + 10.0 VDC, thus
fixing the maximum low amplitude output voltage of + 5.0 VDC.
From the development of the function for the cyclic














X(t) = R Cos (wjt + <|>)
Summing of the two functions, X,(t) and X
2
(t), produced the













































Aco = u)-, - co
?
and T = 2ir/Ato can be written
Consideration of Figure 15 and the conditions that
R = 10.0 at the high amplitude output and R = 5.0 at the low
amplitude output allowed constraint equations to be written
in the form
X(t) + A = R
where A was a constant voltage added to give an additional
degree of freedom with which to force the resultant output
into a dual amplitude wave form. The constraint equations
obtained were
and
X(0) + A = 10
X(^) + A = 5.
An additional constraint equation was obtained from the
negative portion of the desired waveform, where R = - 5.0
was arbitrarily chosen such that
X(J-) + A = - 5.
The application of












Tan " \ + R 2 Cos (A„t) 3
X(t) = R(t) Cos U-,t + 0)
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to the above constraint equations at t = 0, t,= j, and t = j
gave rise to three equations in three unknowns for solution.
For these calculations ow = 2Aw was desired for only two
amplitudes to be produced per cycle.
At t = 0,



















Auit = Au)4- = «-, and u-it = t\
,
0(J) = ^ R(t) = CR? + ill*R 1 and
X(J)- -[Rf + R|] Cos [w + (J)].
By use of a trigonometric identity the equation
x(i-) s - CRT + R,] cos (4-)
could be written. Then, if a right triangle is constructed
2 2
with R-| and R« as sides and [R, + R«J as the hypotenuse,
0(t) is the angle between the hypotenuse and R-, . Therefore,
R.




which, when substituted into the equation for X(j), yielded
X(J) = - R 1 .
Then
,





At t = p-, Awt = Aco-sr = it , and co -. t = 2tt,
9(j) = 0, R(£) = Rj - R 2 . and X(J) = R-, - R 2
R-j - R
2




+ A = 10




+ A = 5
were available for solution to obtain R, , R«, and a.
Simultaneous solution of the equations gave values of
R-| = 6.25, R
2
= 2.50, and a = 1.25. During the solution for
these values it was noted that if R, = 6.50, R« = 2.50, and
A = 1.0 were substituted in the equations the only change in
the output function would be the maximum amplitude of the




X(0) + A = 10
X(i) + A = - 5.5
X(£) + A = 5
Because such a change would not alter the original function's
high and low positive amplitudes, which were of prime
concern, and because the negative amplitude value was
arbitrarily chosen as - 5.0 initially, the latter values were
chosen for convenience in setting the initial conditions on
the analog computer.
Having established the amplitudes required to
generate the desired function, the frequencies to-, and a>
2
were considered next. The requirement to keep the periodic
output function rate low to remain within system and recorder
limitations led to the selection of u, = tt/5 rad/s. Having
assumed u, = 2aw, Aw = tt/10 rad/s and w
2
ir/10 rad/s
followed. This established the beat frequency, f, at
f = 0.05 c/s and + = 20 s/c. Thus, the period for one local
oscillation, from high peak amplitude to the next correspond-
ing low peak amplitude, was +-. = 10 s/c.




(t) = 6.5 Cos (W5t)
X
2
(t) = 2.5 Cos U/10t)
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To produce these functions, differential equations
for analog solution were programmed as follows:
and





(t) = - 0.09870 X
2
(t).
The two input functions were summed with A = 1.0 VDC
at the final stage, prior to input of the resulting function
to the controller of the MTS system, to provide alternating,
maximum positive amplitude peak output voltages of + 10.0 VDC
and + 5.0 VDC.
To prevent compressive yield in the specimen due
to the - 5.0 VDC output on each cycle of the function, the
reference voltage, or local zero, of the system was set such
that, under strain control, the negative voltage output
caused the s'pecimen to be placed in a state of zero strain.
Maximum strain was set to 7.0 VDC outp.ut of the 10.0 VDC
available. This corresponded to 10737 y in/in strain in the
specimen on the high amplitude cycle and 6168 p in/in strain
on the low amplitude cycle.
As in the cyclic stress-strain curve test, initial
conditions were set to zero at the start of this test and
then brought up to the specified values manually with the
system under the control of the analog computer. With all
initial conditions set in, the specimen was in a maximum
strain condition. At this point the analog computer was
42

activated and allowed to cycle the specimen 140 times.
Outputs of strain and load voltages were recorded on both
the X-Y recorder and the dual trace strip chart recorder.
As in the previous tests, load data were interpreted directly
as stress.
2. Test Results
The output voltages of stress and strain plotted
by the X-Y recorder provided data points from which a mono-
tonic stress-strain curve was constructed (Fig. 12 and
Table 6). The modulus of elasticity calculated for the
c 2
curve was E = 10.19 x 10 lbf/in . The yield stress was
2
78,000 lbf/in . Stress and strain data from this curve were
used to construct a stress x strain (ae) vs. stress curve
for comparison with those of other uniaxial specimen tests
and for later use in the plate tests (Fig. 16 and Table 6).
The dual trace recorder provided stress output
voltages from which maximum stress per cycle could be
computed (Table 7). The stress data were plotted versus
cycle number, N, on semilog graph paper (Fig. 17) to
graphically represent stress relaxation behavior. The locus
of the low amplitude data points as well as the high amplitude
data points appeared to form a straight line, indicating
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A least squares exponential curve fit was applied to 70 high
stress points and to 70 low stress points. The resulting
equation for the high stress relaxation behavior was
a = 76930 e -(3.168 x
10" 3 )N
with a correlation coefficient of 0.999. For the low stress
situation the equation was
-3
a - 45600 e- (7 ' 572 x 10 > N
with a correlation coefficient of 0.998. Thus the stress
relaxation behavior in a dual amplitude loading program was
defined in terms of the number of cycles and an initial stress
value.
E. DISCUSSION OF TEST RESULTS
The main objective of the uniaxial specimen tests was
to provi de consi stent data in the form of monotonic and cyclic
stress-strain curves, stress x strain (ae) vs. stress curves,
and stress relaxation behavior for 7075 T-6 aluminum. These
data were to be used for comparison and analysis of data
taken in tests on plates with central holes.
Three monotonic stress -strai n curves were obtained based
on three separate tests of uniaxial specimens (Figs. 10 and
12). The moduli of elasticity for the three tests were
6 7
E = 10.67 x 10 lbf/in for the curve obtained from the
6 2
cyclic stress-strain curve test, E = 10.0 x 10 lbf/in from
the single amplitude test, and E = 10.19 x 10 6 lbf/in 2 from
46

the dual amplitude test. These values are within a maximum
of 6.28 percent of each other. The average value of the
three moduli of elasticity, E = 10.29 x 10 lbf/in , is
almost identical to the published value for 7075 T-6
6 2
aluminum, E = 10.3 x 10 Ibf/in . The maximum deviation of
individual values obtained from the published value is 3.48
percent. Comparison of curve shape indicates excellent
correlation up to stresses of approximately 60,000 Ibf/in ,
after which some deviation of the curves from each other is
evident. The monotonic stress-strain curve from the dual
amplitude loading test tends to decrease slope more rapidly
2
above 60,000 Ibf/in and reaches a limit at a stress level
2
of 78,000 lbf/in . The single amplitude loading test curve
and the monotonic stress-strain curve from the cyclic stress-
strain curve test decrease slope at approximately the same
2




Because only one cyclic stress-strain curve was
developed (Fig. 9), a comparison for consistency could not be
made. However, the modulus of elasticity obtained was
c 2
E = 10.18 x 10 lbf/in , which is consistent with the mono-
tonic stress-strain curve values obtained, as it should be.
The slope decreases more rapidly in comparison to the mono-
tonic curves and remains below it indicating the material
cyclically softens. This is not compatible with the results
found by-Landgraf et al (Ref. 6), which indicates 7075 T-6
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aluminum hardens under cyclic loading. The cyclic stress-
strain curve obtained in this test was the only one available
for use and therefore would be used, if necessary, while the
differences in results were noted.
The stress x strain (ae) vs. stress curves (Figs. 11,
13 and 16) obtained from the three stress-strain curves
conform favorably. The differences noted are due to the
differences found in the stress and strain data and perpe-
tuated in the mathematics used to construct them. As in the
monotonic cases, and for the same reasons, the stress x
strain (ae) vs. stress curves are acceptable for use in the
plate tests.
A comparison of the stress relaxation behavior in the
single and dual amplitude loading tests can be made by
consideration of the equations obtained previously describing
this behavior. The equations take the form
a = a Q
e
-bN
Of particular interest are the initial stress, a , and the
stress relaxation rate parameter, b. The single amplitude
loading test produced a
Q
= 73160 lbf/in 2 and b = 3.177 x 10' 3
,
while the high stress relaxation behavior of the dual ampli-
tude loading test produced a = 76930 lbf/in and
_ 3
b = 3.168 x 10
. The initial stresses differ by 4.8 percent,
possibly due to the mathematics of the curve fit routine, and
the relaxation rate parameters differ by 0.28 percent. This
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correlation seems to be quite good and would indicate the
type of loading history does not appreciably affect the
relaxation behavior of the material when it is loaded
repeatedly beyond the proportional limit. However, because
only one low cycle stress was applied between the high stress
cycles, further tests with considerably different loading
histories would be desirable before concluding this to be the
general behavior of the high stress relaxation.
The low stress level relaxation behavior provided an
2initial stress of a = 45,600 Ibf/in and a relaxation rate
_3
parameter of b = 7.572 x 10 . The relaxation rate parameter,
b, is significantly higher for the low stress portion of
loading than for the high stress portion and indicates a
possible association between initial stress and relaxation
rate. Because only one dual amplitude loading test was
performed at one low stress value, further dual amplitude
tests with various low stress values are warranted prior to
generalizing this association.
From the three uniaxial specimen tests a sound data base
was obtained for use in the analysis of the plate tests.
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III. LOCAL STRESS-STRAIN BEHAVIOR
A. INTRODUCTION
General stress analysis indicates aircraft structures
are in a state of uniaxial stress in most cases but contain
numerous local stress concentrations. The Department of
Aeronautics, Naval Postgraduate School, Monterey, California,
has developed a strain monitoring system which provides data
on the nominal stresses experienced by aircraft structures
(Refs. 15, 16, and 17) which could be applied to obtain
local strain at the stress concentrations. Practicality
prevents such monitoring of the numerous local stress concen-
trations, while fatigue life estimation requires knowledge
of local stresses. A means of relating the readily available
nominal strains and the local stresses is required for
practical fatigue life estimation in aircraft structures.
In order to obtain relationships between local stress
and nominal strain for real structures possessing geometric
effects, plates with central holes to model those effects
were subjected to single and dual amplitude cyclic loading
tests. The local strain and nominal stress and strain data
obtained in these tests were used to calculate local stress
at the hole in order to determine the suitability of a method,
based on a theory proposed by Neuber (Ref. 1), for computing
local stress on the basis of knowledge of nominal strain and
the material properties alone. In addition, these tests
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were expected to show the interactions, if any, between
geometric configuration and loading history on the local
stress relaxation behavior as compared with the behavior
found in uniaxial specimen tests.
B. CALCULATION OF LOCAL STRESS ON INITIAL LOADING
Because stress in a plate can not be measured directly,
other analytical methods must be used to determine the stress
at points (A) and (B) in Figure 2.
One such method involves a proposal by Neuber (Ref. 1),
derived from a study of prismatical bodies. Neuber concluded
that the geometric mean of stress concentration factor, K
,
a
and strain concentration factor, K
, is equal to the elastic
e
stress concentration factor, K.. In equation form:
K7 = K K
t a e
where K is local stress, a, divided by nominal stress, S,
and K is local strain, e, divided by nominal strain, e.




or, by assuming nominal stress remains in the linear region







In this form the stress concentration factor is calculated
on the basis of the measured local and nominal strain and
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calculated values of local stress, and the modulus of
elasticity from the appropriate stress-strain curve. The
stress concentration factor thus calculated should be
indicative of, in this case, all plates with central holes
of the same proportionate dimensions and of the same material
With the stress concentration factor thus calculated
ae = E e k£
can be written. Therefore, with the stress concentration
for a particular configuration known, the modulus of elas-
ticity for the material, and a stress x strain (ae) vs.
stress curve as calculated in the uniaxial specimen tests,
the only requirement is knowledge of the nominal strain, an
easily obtained quantity from a practical standpoint. In
further discussions this method will be known as the Neuber
method.
C. EVALUATION OF STRAIN GAGE PLACEMENT
Prior to conducting tests on the 7075 T-6 aluminum
plate specimens, a determination of the validity of strain
data obtained from strain gages positioned at points (A) and
(B) in Figure 18 was made. A plate specimen of 2024 aluminum
was prepared with strain gages mounted at these points.
Strain gage (A) provided maximum strain on the notch or hole
edge and strain gage (B) provided an average of strain across




Center section of plate specimen
with locations of strain gages
used in strain gage placement test
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The plate was loaded into tension in load steps of
2000 lbs. up to 18,000 lbs. Strain data from each strain
gage and load were recorded at each step. This step was
repeated three times. Nominal stress on the plate was
calculated from load data (Tables 8, 9, and 10).
To calculate the theoretical values of strain at the
two locations the stress and strain solutions for an infinite
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where
stress in the region of the hole in a direction
perpendicular to that of the loading
stress in the region of the hole in a direction
parallel to that of loading
nominal stress on the plate
radius of the hole
distance from the center of the hole to the point
of interest
angle measured from a horizontal bisector of the
hole to the point of interest
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e - strain in the region of the hole perpendicular
r
to the direction of loading
e - strain in the region of the hole parallel to
the direction of loading
E - Young's modulus of elasticity
v - Poisson's Ratio
Of interest was the area along a line bisecting the hole and
perpendicular to the loading direction where 9=0. The
strain equation for this region is
e 9
= 71 C\ (1 " 3v) + 3\ (1 + v) + 2].
r r
For maximum strain r = a, or
e - 32- .
max E
For the average strain value, that which the gage measures,
the strain was integrated over the radial distance from the
inner edge of the strain gage to the outer edge and divided
by that distance such that
r„
6
avg 2E(r, - r,) fy <* "
3v > + 3V ' + ») + 2 ^ dra
i
or
avg ZE ^2 - V
r — r










The physical placement of the strain gage on the sheet
provided the following data:
r, = 1.023 in., r
2
= 1.062 in., a = 1.0 in.
From data for 2024 aluminum E = 10.6 x 10 6 lbf/in and
v = 0.33. Substitution of the above into the equations for
maximum and average strain provides
e = 0.28302 c m'n/in
max
and
e Q = 0.2 5401 a u in/in.9
avg
Substitution of nominal stress values obtained in the actual
tests into the above equations provided values of maximum and
average strain to compare with the measured values of strain
(Table 8, 9, and 10).
Of the three test series run, the second is considered
the most accurate and reliable, with runs 3 and 1 next in
accuracy in that order. In the comparison of theoretical and
actual average strains in all three runs the measured strain
exhibited greater deviation from the theoretical strain at
the lower stress level of approximately 2000 lbf/in (Table
11). In the two most reliable runs this deviation was
approximately 2.5 percent. As stress increased, deviation
2decreased until stresses of around 9000 lbf/in were reached.
At this point the strain deviation again began to increase,
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reaching a maximum of less than 1.5 percent at over 17,000
2
lbf/in . Also noted was the tendency of measured strain to
cycle about the theoretical strain. At low stresses the
theoretical exceeded the measured strain. With increasing
stress, measured strain increased, equaled theoretical at
2
approximately 9000 lbf/in , then exceeded theoretical strain
up to the maximum stress reached in each test.
The deviation of the measured strain from the theoretical
strain was considered small and well within the accuracy of
the entire material testing system, including the strain gages
themselves, and therefore was considered adequate for the
purpose of future tests.
The results of the maximum strain data comparisons were
somewhat less desirable. In all runs, measured strain was
greater than theoretical strain, and deviation continued to
increase up to a maximum of approximately 5.25 percent. This
greater deviation in the maximum strain tests than in the
average strain tests was considered to be due to the placement
of the strain gage on the curved, inside edge of the hole.
Initial curvature of the strain gage was unavoidable due to
its location, and the extension experienced by it was not
entirely in the plane of the strain gage, as required for
accurate strain reproduction. The trend of the deviation
indicates that at higher stress levels than the levels
encountered here, the deviation would be accordingly higher.
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The increasing trend of the actual measured strain's
deviation from the theoretical, and the close correlation of
the average strain measured in the test with that calculated
by theory, led to the decision to instrument plate specimens
for this investigation for average strain data output rather
than for maximum strain reproduction.
D. CYCLIC LOADING TESTS
The plate specimens were tested in the MTS Corporation
closed-loop, servo-controlled testing system used in the
uniaxial specimen tests. The same function generator and
analog computer were used in the plate tests. The functions
used for strain control of the system were identical to those
used in the uniaxial specimen single and dual amplitude cyclic
loadi ng. tests . Output voltages representing load and strain
were recorded on the Hewlett-Packard X-Y recorder and a Varian
Corporation eight channel strip recorder. The X-Y recorder
was used to record voltage outputs of nominal loads and local
strain for test monitoring purposes only, and was not required
for actual data analysis. The Varian recorder was calibrated
to record one voltage input across two channels, thus doubling
the resolution. This was done for six channels to provide
more accurate recording of local strain data on two of the
doubled channels, and nominal strain data on the third.




Two plates with central holes (Figs. 1 and 2) were
constructed from the same master sheet of 7075 T-6 aluminum.
Care was taken to ensure that no stress raisers, such as
scratches or notches, other than the hole itself were
introduced. The cross-sectional area of each plate was
1.080 in . Strain gages were mounted at points (A), (B), and
(C), as depicted in Figure 2. Strain gages at points (A) and
(B) provided local strain at the point of highest stress in
the plate and the strain gage at (C) provided nominal strain
in the plate. The two local strain gages, one on either side
of the hole at the point of maximum stress, were utilized to
ensure that the data recorded were representative of a plate
in uniaxial tension and not subject to undesirable loading
such as shear introduced by improper clamping.
Prior to each test all strain gages on the specimen were
zeroed and calibrated with the specimen free at one end.
After attachment of the free end to the system's load cell,
the strain gages were zeroed under load control and the load
output voltage adjusted to zero to ensure zero load at zero
strain. Recorders were calibrated prior to each test with
a known voltage input to ensure accurate reproduction of
voltage inputs from the test system.
1 . Single Amplitude Cyclic Loading Test
Nominal stress and strain and local strain data
from a plate with a hole under single amplitude cyclic loading
were required for evaluation of the accuracy of Neuber's
method, and for construction of monotonic local stress vs.
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nominal strain curves for comparison with the curves obtained
from a plate under a different loading history, and for later
use in stress relaxation behavior studies.
The haversine function produced by the function
generator in the MTS system and used in the uniaxial specimen
test was employed in this test on the plate. The system was
driven under strain control to a maximum amplitude of 7.3 .VDC
of the 10.0 VDC available. This voltage corresponded to
11167 uin/in strain in the specimen, according to strain gage
(1) used as a control reference by the system; and to 11696
uin/in strain in strain gage (2), mounted opposite the
reference strain gage and used for data consistency compari-
sons. The specimen was cycled 91 times to the maximum stress
val ue.
The MTS system supplied one local strain and the
nominal load voltage outputs to an X-Y recorder for test
monitoring purposes. Voltage outputs for local strain,
nominal strain, and nominal load were supplied to the Varian
recorder for later data reduction.
2. Single Amplitude Cyclic Loading Test Results
The Varian recorder provided voltage representations
of nominal load, nominal strain, and local strain from two
gages. Nominal stress was obtained by dividing the nominal
load by the cross-sectional area of the plate at the clamped
ends. Nominal stress and local and nominal strains were




A comparison of stress concentration factors




with the theoretical stress concentration factor calculated
for the plate with a central hole was made to evaluate Neuber's
theory.




t W + D
(Ref. 18), where W was defined as the width of the plate and
D was defined as the diameter of the hole. From Figure 2,
W = 12.0 in. and D = 2.0 in., therefore the theoretical stress
concentration factor was calculated to be K. = 2.57.
The stress and strain data taken from the initial
loading cycle were used to calculate stress concentration
factors for the plate to evaluate Neuber's equation. Two
values of local stress due to material variations were
obtained with each strain value from the local strain gages
by entering the monotonic stress-strain curves constructed
from: (1) the cyclic stress-strain test, and (2) the single
amplitude cyclic loading test on the uniaxial specimens.
With local and nominal stresses and strains known, the stress





This was done at seventeen points of local strain for both
local strain gages and the two monotonic stress-strain curves
mentioned (Table 13). The results were averaged such that
K. = 2.59 for strain gage (1) and K. = 2.67 for strain gage
(2) from the single amplitude cyclic loading test monotonic
stress-strain curve, and K. = 2.61 for strain gage (1) and
K. = 2.68 for strain gage (2) from the monotonic stress -strai n
curve constructed in the cyclic stress-strain curve test on
the uniaxial specimen.
The maximum deviation of the stress concentration
factors calculated from Neuber's theory was 4.10 percent. The
average of the four values was K. = 2.64, within 2.56 percent
of the theoretical value. The close correlation of the
experimental stress concentration factors with the theoretical
value indicates that Neuber's relationship is valid as a
basis for calculating local stress.
Noting the apparent validity of Neuber's equation,
data points were calculated for construction of monotonic
local stress vs. nominal strain curves, based on Neuber's
method, from the viewpoint of the analyst who has knowledge
of modulus of elasticity, stress concentration factor, and
nominal strain only (e is unknown). The stress concentration
factors calculated from both local strain gages, the several
moduli of elasticity, and nominal stress were used to obtain
four local stress vs. nominal strain relationships for com-
parison.- Neuber's method was applied, as previously outlined,
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to obtain local stress which was then plotted against the
corresponding local strain (Fig. 19 and Table 14).
To provide a basis for comparison of the local
stress vs. nominal strain from the two sets of data, two
curves were constructed: one based upon the average value of
the stress concentration factors, K. = 2.64, and the average
value of the three moduli of elasticity, E = 10.29 x 10
2lbf/in , and the other based upon the theoretical value of
K. = 2.57 and the published value of modulus of elasticity,
6 2
E = 10.3 x 10 lbf/in . The average curve, (A), in Figure 19,
although slightly above, correlates well with the theoretical
curve, (B). The scatter of all data points about these
curves is quite low.
The maximum variation between the two sets of data
points was 38.46 percent for strain gage (1) and 37.93 percent
for strain gage (2), both at the lowest nominal strain
(Table 14). The average variation for all points was 6.03
percent and 6.14 percent respectively, but omission of the
initial data point with maximum variation on each test reduced
this average to 4.00 percent and 4.15 percent, respectively.
The low scatter of the data points about the
theoretical and average curves, as well as the relatively low
average variation between the points based on the two sets of
data, indicated either the average or the published material
properties may be used to construct local stress vs. nominal













Local stress vs. nominal
strain from single ampli-
tude cyclic loading test
on plate specimen.
Single amplitude test data
A - strain gage (1)
q - strain gage (20
Cyclic stress-strain curve
test data (monotonic)
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3. Dual Amplitude Cyclic Loading Test
Having established a data base for a simple cyclic
loading history of a plate with a hole in the single ampli-
tude cyclic loading test, stress and strain data from a
different loading situation were desired. In order to
establish a sound data base on more realistic loading situa-
tions, a plate specimen with a central hole was subjected to
a dual amplitude cyclic loading test. This simple step toward
the more realistic situation of random cycling was expected
to provide a second evaluation of Neuber's equation, local
stress vs. nominal strain curves for comparison with those of
the single amplitude cyclic loading test, and additional data
for use in the study of local stress relaxation behavior.
The dual amplitude function provided by the analog
computer for strain control of the system in the dual ampli-
tude cyclic loading uniaxial specimen test was repeated in
this plate test. As in the previous test the system was
driven to a maximum amplitude of 7.0 VDC of the 10.0 VDC
available. This voltage corresponded to 10708 yin/in strain
in the material, according to strain gage (1) used as a
reference to control the system; and to 11178 uin/in strain
according to local strain gage (2) used as a comparison
against the first.
In this test the initial conditions to the analog
computer were set to zero prior to the start of the test run.
The plate specimen was brought up to a maximum amplitude
strain in the first cycle by manual input of the initial
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conditions to full value. At the maximum amplitude the
analog computer was activated and allowed to run for 114
cycles before test termination.
The system supplied one local strain and the nominal
load voltage outputs to an X-Y recorder for monitoring pur-
poses during the test run. Voltage outputs representing both
local strains* the nominal load, and the nominal strain were
supplied to the Varian recorder -for reproduction.
4. Dual Amplitude Cyclic Loading Test Results
As in the single amplitude cyclic loading plate
test, nominal load, nominal strain, and two local strains were
recorded. Nominal stress was calculated by dividing nominal
load by the cross-sectional area of the plate at the clamped
end. A second evaluation of Neuber's equation was made by
comparison of stress concentration factors calculated from
experimental data with the theoretical value for the plate
configuration, K. = 2.57.
Stress concentration factors for the plate were
first calculated using stress and strain data from the initial
loading cycle (Table 15). Local strains were used to obtain
local stresses directly from the monotonic stress-strain
curves developed from (1) the cyclic stress-strain test and
(2) the dual amplitude cyclic loading test on uniaxial speci-
mens. The known values of local stress and strain and
nominal stress and nominal strain for fifteen points on the






to obtain stress concentration factors for averaging (Table
16). The stress concentration factors thus obtained were
K. = 2.62 for strain gage (1) and K. = 2.67 for strain gage
(2) based on monotonic stress-strain data from the cyclic
stress-strain test, and K. = 2.61 for strain gage (1) and
K. = 2.65 for strain gage (2) for data based on the single
amplitude cyclic loading test.
The maximum variation of the stress concentration
factors calculated by Neuber's theory was 3.75 percent. The
average of the four values was K. = 2.64, within 2.56 percent
of the theoretical and identical to the average K
t
found in
the single amplitude cyclic loading test. The conclusion
made from the data of the single amplitude cyclic loading
test, that Neuber's theory is valid as a basis for calculating
local stress, was reinforced by the close correlation of
experimental stress concentration factors with the theoretical
in this test.
Local stress vs. nominal strain curves were con-
structed for comparison with those obtained in the previous
test. The stress concentration factors were calculated using
data from both local strain gages and two moduli of elasticity
one from the dual amplitude cyclic test, and one from the
monotonic stress-strain curve of the cyclic stress-strain
test, and nominal strain data from this test. The Neuber
method was applied to these data to obtain local stress which
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and Table 17) to give four local stress vs. nominal strain
relationshi ps
.
The theoretical and average curves constructed in
the single amplitude cyclic loading test were applied to the
data points of this test also and, again, a low scatter of
points about the curves (A) and (B) was noted.
A variation between curves constructed on one data
base with those of the other data base was noted. Maximum
variation between the two sets of data points was 11.94 percent
for strain gage (1) and 13.24 percent for strain gage (2),
with the average variation for all points of 6.32 percent and
7.71 percent, respectively (Table 17). Due to the low scatter
about the theoretical and average curves and the relatively
low variation between the two sets, a curve constructed on
the basis of either averaged or published material properties
would be good for practical use.
5 . Discussion of Test Results
The primary objective of the single and dual ampli-
tude cyclic loading tests on plates with central holes were:
(1) evaluation of Neuber's relationship, for validity as a
basis for a method to calculate local stress from knowledge
of nominal strain and material properties alone; and (2)
construction of local stress vs. nominal strain curves for
comparison between the two tests.
The calculation of the stress concentration factors
for evaluation of Neuber's relationship, and the construction
of the monotonic local stress vs. nominal strain curves, were
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carried out using two sets of stress and strain data for each
plate test, the first set being the uniaxial specimen test
data corresponding to the particular loading test being
applied to the plate, and the second set being based on the
monotonic stress-strain curve obtained in the cyclic stress-
strain curve test on the uniaxial specimen. The latter data
base provided a commonality to the calculations made for the
two different plate tests. As would be expected from the
close correlation of the s tress -strai n curves obtained in the
uniaxial specimen single and dual amplitude cyclic loading
tests, the stress concentration factor calculated in one plate
test was approximately equal to that calculated in the other
test for a particular strain gage. As further evidence of the
consistency of the basic data used in the two tests, the
stress concentration factors calculated in each test, based
on the monotonic stress-strain curve from the cyclic stress-
strain curve test on a uniaxial specimen, were approximately
equal from test to test for a particular strain gage. Finally,
the maximum variation between any two of the eight stress
concentration factors calculated for both tests was 3.63
percent, indicating that the stress concentration factor was
essentially consistent from test to test. The average' val ue
of all eight factors was K. = 2.64, within 2.56 percent of the
theoretical value.
The high correlation of the stress concentration
factors obtained experimentally from both tests with the
70

theoretical value calculated from plate dimensions indicated
that Neuber's theory is a valid basis for computation of local
stress using only nominal strain.
The low scatter of the local stress vs. nominal
strain data points about the theoretical and average curves
in both tests, and the relatively low variation between sets
of data points within a test, led to the conclusion that a
single local stress vs. nominal strain curve based on either
average or theoretical data would provide an accurate,
practical relationship for determining monotonic local stress
at a stress concentration in a structure with only nominal
strain and the readily available material property.
E. STRESS RELAXATION BEHAVIOR
1 . Introduction and Theory
The stress relaxation behavior of the plate specimens
under two different conditions of loading was required for
comparison with the behavior of the uniaxial specimens in order
to determine the effects, if any, of geometry on the behavior.
Local strain and nominal stress and strain data
were obtained from the unloading portion of the stress-strain
curve, and from the point of maximum strain on each cycle of
the single and dual amplitude cyclic loading tests on plates.
The calculation of local stress from these data was required.
The method used to calculate the local stress for
the monotonic local stress vs. nominal strain relationships
was expanded upon to obtain local stress for relaxation
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behavior under cyclic loading conditions, where stress
concentration factors could differ from those of the mono-
tonic case. After initial tensile yielding, the stress-strain
behavior shifts to the right on the stress-strain curve
(Fig. 21), and further cycling is along curve (A-B). This
can be thought of as loading from a new origin. Designating
quantities which originate from there with a subscript, u,
for unloading, and noting that the modulus of elasticity
along curve (A-B) is approximately equal to that along curve





- initial maximum local stress in the material
- initial maximum local strain in the material
- difference in initial maximum local stress and
maximum local stress on a given cycle
- difference in initial maximum local strain and
maximum local strain in a given cycle
- initial maximum nominal stress
- difference in initial maximum nominal stress
and maximum nominal stress in a given cycle
- stress concentration factor associated with
curve A-B
From these definitions and Figure 21 several general equations
can be set forth:
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Using this equation the stress concentration factor can be
obtained from the measured nominal stress and local strain
data from curve A-B. The stress concentration factor is
assumed to be constant on subsequent cycles.
Once a stress concentration factor for the curve
A-B is obtained, an equation for the local stress at the point






can be written. Then




follows. For relaxation tests, the nominal stress, S, is a
function of the cycle number, N, such that
• " •»
K
tu ^ - S ^J
m
Stress relaxation appears to occur only after the
material is yielded; therefore, the maximum local stress, a
will be assumed to be the yield stress of the material. Thus
the local stress at the point of maximum strain in a given
cycle can be determined as a function of initial maximum
local stress, stress concentration factor, initial maximum
nominal stress, and the maximum nominal stress of a given
cycl e.
This method eliminates the requirement for a cyclic
stress-strain curve in local stress calculations. Considera-
tion of Figure 21 indicates that after initial yield the
specimen does not follow the monotonic nor the cyclic stress-
strain curves as constructed from the uniaxial specimen tests,
but rather follows one which is shifted to the right and which




Utilizing the above procedure, a satisfactory
calculation can be made of local stress at the hole to provide
data for the study of the effects of geometry on local stress
relaxation behavior. Thus, with local stress available as a
function of the cycle number, N, a determination of stress
relaxation behavior could be made.
2. Single Amplitude Cyclic Loading Test Results
The stress and strain data obtained from eleven
points on the initial unloading portion of the stress-strain
curve of the single amplitude cyclic loading test on a plate
(Table 18) were used to calculate stress concentration factors
by the method previously developed. Moduli of elasticity of
fi 7
E = 10.67 x 10 lbf/in from the monotonic stress -strai n
curve obtained in the cyclic stress-strain curve test, and
E = 10.0 x 10 lbf/in from the single amplitude cyclic
loading test on uniaxial specimens, were used. Local strains
from both strain gages were also used to provide four stress
concentration factors for comparison (Table 19). The values
thus calculated were averaged to produce K. = 2.85 for strain
gage (1) and K. = 2.94 for strain gage (2), using data from
the monotonic stress-strain curve obtained in the uniaxial
specimen cyclic stress-strain curve test; and K. = 2.66 for
strain gage (1) and K. 2.76 for strain gage (2), from data




Due to the significant variation of the stress
concentration factors from the theoretical value, K, = 2.57,
and from each other, a more classical method of calculation
of stress concentration factors was used to evaluate the


















cr(N) - a = - E[e - e(N)]
m m
could be written. Then,
a(N) = a - E[e m - e (N)]m m
In order for K. = 2- to be valid on the unloading portion of












where a = a E[e - e ] and e is the value of residual
r m m r r
strain when nominal stress is zero. The average values
calculated by this method (Table 20) were only slightly
higher (1%) than those calculated by the orignal method in
e^ery case, lending validity to the first calculations.
Subsequent data reduction was made using the first stress
concentration factors obtained.
Because of the wide variation in stress concentra-
tion factors, the calculation of local stresses for the
relaxation behavior study was done using all the factors
obtained, in order to determine what effects the differences
would have in this area.
To calculate local stress for determination of the
local stress relaxation behavior, the equation
o = a m - K.[S m - S(N)]m t m
was applied to the maximum nominal stress in a given cycle.
The nominal stress was computed from the recorder plot of
output voltage for the initial cycle, to obtain S and a
,
and for every fifth cycle throughout the test run (Table 21).
The stress concentration factors found using the two moduli
of elasticity and data from the two local strain gages were
applied to the equation to obtain four values of local stress
(Fig. 22 and 23 and Table 22) for a given cycle number, N.
As in the uniaxial specimen tests, a least squares exponen-
tial curve fit routine was applied to the data to determine
-bN
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relaxation behavior. All four sets of data were used to
provide a comparison. For data based on the monotonic
stress-strain curve obtained from the uniaxial specimen
cyclic stress-strain curve test:
•




with a correlation coefficient of 0.9650 , was obtained for
strain gage (1) with K. = 2.85; and
-3
a - 79470 e" (3 ' 752 X 10 > N
with a correlation coefficient of 0.9650, was obtained for
strain page (2) with K. = 2.95. Data based on the uniaxial
specimen single amplitude loading test produced
a = 79470 e" (3 - 324 * 10
" 3
> N
with a correlation coefficient of 0.964 for strain gage (1)
with K. = 2.66 and
„ = 79470 e -< 3 - 470 x 10
" 3
> N




The four equations thus obtained for local stress
relaxation behavior exhibit little or no variation in the
initial stress; however, there is a maximum variation of 7.52
percent between the stress relaxation rate parameters for a
single strain gage but of different data bases. The variation
of stress concentration factors was considered the cause of
8i

this result. Because the data used to calculate the stress
relaxation behavior equations were from equally valid tests,
no further conclusions were drawn at this point as to the
accuracy of one equation over the other.
3 . Dual Amplitude Cyclic Loading Test Results
The stress and strain data taken from six points
on the initial unloading portion of the stress-strain curve
of the dual amplitude cyclic loading test on a plate (Table
23) were used to calculate stress concentration factors by
the previously outlined method.
The moduli of elasticity of E = 10.67 x 10 6
2lbf/in
,
from the monotonic stress-strain curve obtained in
the cyclic stress-strain curve test, and E = 10.19 x 10
2lbf/in , from the dual amplitude loading test on uniaxial
specimens were used. Local strains from both strain gages
were also used (Table 24). Again, the values of stress
concentration factors calculated for individual points along
the stress-strain curve were averaged. Stress concentration
factors thus obtained were K = 3.09 for strain gage (1), and
K. = 3.17 for strain gage (2), based on data from the mono-
tonic stress-strain curve of the cyclic stress-strain curve
test on the uniaxial specimen test; and K. = 2.95 for strain
gage (1), and K. = 3.03 for strain gage (2), based on the
uniaxial specimen dual amplitude loading test.
As in the single amplitude cyclic loading test,
significant variation of the calculated stress concentration
factors from the theoretical value, K, = 2.57, and between
82

each other, was noted. The classical method previously
described was applied to the data of this test (Table 25).
The values obtained by this method were also varied, but
considerably lower and much closer to the theoretical value
of K. = 2.57. Because the results of the single amplitude
cyclic loading test exhibited close correlation between K.
values calculated by both methods, and the opposite was
found in this test, additional tests were indicated prior
to forming a definite conclusion as to the actual value of
stress concentration factor on the unloading portion of the
stress-strain curve.
In the interests of uniformity of method, the first
set of stress concentration factors obtained was used in the
calculation of the stress relaxation behavior equations, as
was done in the single amplitude cyclic loading test. Due
to the variation within this set, all values were used in
subsequent calculations.
Local stresses for the determination of local
stress relaxation behavior were calculated according to
a = a - K. [S m - S(N)]m t m
Because high stress cycles were alternated with low stress
cycles in this test, two sets of stress relaxation behavior
data were obtained. Maximum nominal stress and local strain
were computed for the peak of the initial cycle to provide
S m and a for both high and low stress calculations and thenm 3
for every fourth cycle thereafter on both high and low peak
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local strain amplitudes (Table 26). The stress concentration
factors found using two moduli of elasticity and data from
two local strain gages were applied to the equation to obtain
four values of local stress for each cycle number, N (Fig.
24 and 25 and Tables 27 and 21).
To obtain an equation of the form a = a e -bN
describing the local stress relaxation behavior of the high
stress data, the least squares exponential curve fit routine
used in the other uniaxial and plate specimen tests was
applied to the data. For data based on the monotonic stress-
strain curve obtained in the uniaxial specimen cyclic stress-
strain curve test




was calculated for local strain gage (1), based on twenty-nine
data points with a correlation coefficient of 0.947; and
a = 78100 e" (2 - 671 x 10
"
3)N
was calculated for strain gage (2), based on twenty-nine data
points with a correlation coefficient of 0.947. For data
based on the monotonic stress-strain curve obtained in the
uniaxial specimen dual amplitude loading test
a = 78060 e" (2 - 457 x 10
"
3)N
was calculated for strain gage (1), based on twenty-nine
points with a correlation coefficient of 0.947; and
a = 78070 e -<2.534 x
1Q- 3 )N
was calculated for strain gage (2), based on twenty-nine
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The least squares exponential curve fit routine
was also applied to the data for the low stress cycles to
obtain the low local stress relaxation behavior. For data
based on the monotonic stress-strain curve obtained in the
uniaxial specimen cyclic stress -strai n curve test
-3
= 39030 e
- (6 - 350 x 10 ~ } N
was calculated for strain gage (1), based on twenty-nine
points with a correlation coefficient of 0.960 and
= 38120 e~ (6 - 843 x 10 > N
was calculated for strain gage (2), based on twenty-nine
points with a correlation coefficient of 0.961. For data
based on the monotonic stress-strain curve from the uniaxial
specimen dual amplitude loading test
a - 40650 e
- (5 - 594 x 10
"
3)N '
was calcualted for strain gage (1), based on twenty-nine
points with a correlation coefficient of 0.959 and
a = 39720 e"' 6 ' 010 x 10
"
3)N
was calculated for strain gage (2), based on twenty-nine
points with a correlation coefficient of 0.960.
The four equations obtained for the stress relaxation
behavior of the high stress cycles show excellent correlation
between initial stresses. Maximum variation in the relaxation
rate parameter was found to be 5.24 percent.
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The four equations obtained for the low stress
cycles exhibited greater variation in the initial stresses,
where a maximum variation of 4.03 percent was found. Maximum
variation between the relaxation rate parameters was found to
be 12.17 percent.
The variations noted in the stress relaxation
behavior equations were considered due, in part, to the
variations in stress concentration factors used in the cal-
culations. No further conclusions were drawn due to the
equally valid tests from which the data bases were drawn.
4. Discussion of Test Results
The stress concentration factors calculated for
local stress computation in the study of stress relaxation
behavior were found to be significantly greater than those
calculated for the construction of local stress vs. nominal
strain curves and the theoretical value computed from plate
geometry. An attempt to verify the validity of the stress
concentration factors based on data from the unloading
portion of the stress-strain curve, by comparison with those
calculated by a more classical method, provided two divergent
results in two tests, and no conclusion could be offered as
to the validity of one stress concentration factor over
another at this point. Further tests are warranted to
resolve this inconsistency.
Because of the wide variation in stress concentra-
tion factors, the calculation of local stresses for the
relaxation behavior study was done using all factors obtained
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in order to determine what effects the differences would
have in this area. The local stress relaxation behavior
described by equations of the form
a = a Q
e
-bN
can best be compared by considering Table 29, where the
parameters a and b are listed according to test and data
source, and Figure 26, where these parameters are plotted
against each other, along with those values obtained in the
uniaxial specimen tests under single and dual amplitude cylic
loading. Of particular interest is the symmetric grouping
of the high stress data points, with respect to the relaxa-
tion rate parameter, b, based on plate tests around the points
for the uniaxial specimen tests' data points. The average
relaxation rate parameter for all ten data points is 3.06,
with single amplitude plate test values tending to be higher,
dual amplitude plate test values somewhat lower. Although
only two plate tests were run, the four values for each plate
test, differing due to data base used in the calculations,
appear to indicate that the local high stress relaxation rate
tends to follow that of the uniaxial specimen rate. The local
low stress and uniaxial low stress relaxation parameters are
widely scattered and will require additional data to delineate
the correct behavior description.
The accuracy of the stress relaxation behavior noted
in this study is subject to the variation of the calculated




























vs . Rel axation
a - b
Rate Parameter
uniaxial specimen - single amplitude
uniaxial specimen - dual amplitude
plate - single amplitude, E = 10.67x
plate - single amplitude, E = 1 0. 0x1
Q
6
1 bf / i n2
plate - dual amplitude, E = 1 . 67x1 0°1 bf / i n2
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applied to both single and dual amplitude
cyclic loading
test results, and therefore would
not affect the relationship
between the data points of the two
on the initial stress vs.
relaxation rate parameter curve
significantly (Fig. 26).
Thus, the conclusions drawn on
relaxation behavior were





IV. CONCLUSIONS ON TEST RESULTS
The major areas of interest in the tests on uniaxial
and plate specimens were: (1) determining whether Neuber's
relationship, K. = SJ , would provide an accurate, practical
method of calculating local stress, with knowledge of the
material properties and nominal strain alone, in a structure
subject to stress concentrations, (2) determining whether
the local stress in the specimen follows the stress relaxa-
tion behavior of the uniaxial specimen; and (3) determining
whether the type of loading applied to both uniaxial and
plate specimens alters the stress relaxation behavior.
Neuber's theory proved to be a valid basis on which to
establish a method of calculating local stress at a stress
concentration in a structure based on knowledge of nominal
strain and material properties alone. Because Neuber's
method provides only the initial monotonic local stress in
the structure, the stress relaxation behavior must be known
to utilize the method in practical fatigue life determination.
In the area of stress relaxation behavior, further study
of the calculation of stress concentration factors is
warranted. The values calculated for the unloading portion
of the stress-strain curve ranged from K. = 2.66 to K = 3.17,
significantly different than the corresponding stress concen-
tration factors calulated on the initial loading cycle of
the same curve, and varying greatly among themselves.
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Additional tests are recommended to determine whether the
stress concentration factor does vary from the loading to
unloading portions of the curve, and whether a consistent
factor can be obtained for the unloading segment. However,
because a number of stress concentration factors were
calculated and used to determine stress relaxation behavior,
it is felt that essentially valid conclusions can be drawn
regarding relaxation behavior without detrimental influence
due to possibly incorrect values of stress concentration
factors .
A comparison of stress relaxation behavior obtained in
the uniaxial and plate specimen tests indicated that, when
the material is cycled repeatedly into the yield stress
range, the relaxation rate tends to be low, in the area of
b = 3.00 x 10 (Fig. 26), regardless of the loading situation
of the geometric configuration. Due to the scatter realized
in the low stress relaxation behavior data, no conclusion
could be drawn in this area other than the fact that relaxa-
tion rate parameters are significantly higher than those of
the high stress behaviors. Additionally, it appeared that
the type of loading situation had some influence on the high
stress relaxation rates found in the plate tests. This was
not the case in the uniaxial specimens, which would indicate
that some combined influences of geometric effects and loading
history were present in the plates with regard to stress
relaxation behavior. Further tests are necessary to establish
the stress relaxation behavior throughout the range of stress
93

from high to low values. These tests would hopefully reveal
a relationship between initial stress and relaxation rate





to a form involving relaxation rate, b, as a function of
initial stress, a , or




thus facilitating the calculation of local stress at a given
cycle. The establishment of a valid stress relaxation
behavior equation is necessary in order to extend the use of
Neuber's method to practical situations where structures do,
in fact, cycle repeatedly. The local stress-nominal strain
relationships are valid only for the initial cycle, after
which stress relaxation behavior must be applied to obtain
accurate knowledge of local stress for fatigue life studies.
In general, the conclusions were that the initial local
stress in a structure subject to geometric effects can be
obtain readily and accurately by applying Neuber's method;
and that once the initial local stress is known, a stress
relaxation behavior equation of the form
a = a e
-bN
can be applied to obtain local stresses at given cycles for





APPENDIX A - TABULAR DATA
TABLE 1
Strain data and percent bending moment from alignment






















































































Percent bending moment calculated according to
% Bending = max ' av 9 x 1003 avg
Strain gages were calibrated such that




Cyclic stress and strain data from cyclic stress-strain
































































































Load: 1.0 VDC = 10,000 lbf
Strain: 1.0 VDC = 153223 yin/in




Monotonic stress and strain data from cyclic stress-














































Load: 1 .0 VDC = 10,000 Ibf
Strain: 1.0 VDC = 1532.23 uin/in


















































































































































Load: 1 .0 VDC = 10,000 Ibf
Strain: 1.0 VDC = 1529.76 nin/in




Stress and cycle number data from single amplitude cyclic
































































































































































































Load Stress Cycl e Load Stress
Volts lbf/in 2 Volts lbf/in 2
5.35 53500 140 4.60 46000
5.30 53000 141 4.60 46000
5.30 53000 142 4.60 46000
5.30 53000 143 4.60 46000
5.30 53000 144 4.60 46000
5.30 53000 145 4.55 45500
5.25 52500 146 4.55 45500
5.25 52500 147 4.55 45000
5.20 52000 148 4.50 45000
5.20 52000 149 4.50 45000
5.20 52000 150 4.50 45000
5.20 52000 151 4.50 45000
5.15 51500 152 4.50 45000
5.15 51500 153 4.50 45000
5.10 51000 154 4.45 44500
5.10 51000 155 4.45 44500
5.10 51000 156 4.40 44000
5.10 51000 157 4.40 44000
5.05 50500 158 4.40 44000
5.05 50500 159 4.40 44000
5.00 50000 160 4.40 44000
5.00 50000 161 4.35 43500
5.00 50000 162 4.35 43500
5.00 50000 163













4.80 48000 177 4.15 41500
4.80 48000 178 4.15 41500
4.75 47500 179 4.10 41000
4.75 47500 180 4.10 41000
4.75 47500 181 4.10 41000
4.75 47500 182 4.05 40500
4.70 47000 183 4.05 40500
4.70 47000 184 4.05 40500
4.70 47000 185 4.00 40000
4.70 47000 186 4.00 40000
4.65 46500 187 4.00 40000
4.65 46500 188 4.00 40000
4.65 46500 189 4.00 40000
4.60 46000 190 4.00 40000
100

yd e Load Stress Cycl e Load Stress
Volts lbf/in 2 Volts lbf/in 2
191 4.00 40000 234 3.60 36000
192 3.95 39500 235 3.55 35500
193 3.95 39500 236 3.55 35500
194 3.95 39500 237 3.55 35500
195 3.90 39000 238 3.55 35500
196 3.90 39000 239 3.55 35500
197 3.90 39000 240 3.50 35000
198 3.90 39000 241 3.50 35000
199 3.90 39000 242 3.50 35000
200 3.85 38500 243 3.50 35000
201 3.85 38500 244 3.50 35000
202 3.85 38500 245 3.50 35000
203 3.80 38000 246 3.45 34500
204 3.80 38000 247 3.45 34500
205 3.80 38000 248 3.45 34500
206 3.80 38000 249 3.45 34500
207 3.80 38000 250 3.40 34000
208 3.80 38000 251 3.40 34000
209 3.75 37500 252 3.40 34000
210 3.75 37500 253 3.40 34000
211 3.75 37500 254 3.35 33500
212 3.75 37500 255 3.35 33500
213 3.75 37500 256 3.30 33000
214 3.75 37500 257 3.30 33000
215 3.75 37500 258 3.30 33000
216 3.70 37000 259 3.25 32500
217 3.70 37000 260 3.20 32000
218 3.70 37000 261 3.20 32000
219 3.70 37000 262 3.20 32000
220 3.70 37000 263 3.15 31500
221 3.70 37000 264 3.10 31000
222 3.70 37000 265 3.10 31000
223 3.70 37000 266 3.05 30500
224 3.70 37000 267 3.00 30000
225 3.65 36500 268 3.00 30000
226 3.65 36500 269 2.85 28500
227 3.65 36500 270 2.65 26500
228 3.60 36000 271 2.50 25000
229 3.60 36000 272 2.40 24000
230 3.60 36000 273 2.40 24000
231 3.60 36000 274 2.35 23500
232 3.60 36000 275 2.30 23000
233 3.60 36000
CALIBRATION
Load: 1.0 VDC = 10,000 lbf




Monotonic stress and strain data from dual amplitude
cyclic loading test on a uniaxial specimen.
Load Strai n Stress Strain Stress x Strain
Volts Volts lbf/in 2 u i n / i n lbf/in2
0.50 0.30 5000 459 2.295
1 .00 0.60 10000 918 . 9.180
1 .50 0.90 15000 1377 20.655
2.00 1 .25 20000 1912 38.240
2.50 1 .55 25000 2371 59.275
3.00 1 .90 30000 2907 87.210
3.50 2.20 35000 3365 117.78
4.00 2.55 40000 3901 156.04
4.50 2.90 45000 4436 199.62
5.00 3.20 50000 4895 244.75
5.50 3.55 55000 5431 298.71
6.00 3.90 60000 5966 357.96
6.50 4.30 65000 6578 427.57
6.60 4.40 66000 6731 444.25
6.70 4.55 67000 6960 466.32
6.80 4.60 68000 7037 478.52
6.90 4.70 69000 7T90 496.11
7.00 4.80 70000 7343 514.01
7.10 5.00 71000 7649 543.08
7.20 5.05 72000 7729 556.49
7.30 5.25 73000 8031 586.26
7.40 5.40 74000 8261 611 .31
7.50 5.50 75000 8414 631 .05
7.60 5.60 76000 8567 651 .09
7.70 5.80 77000 8873 683.22
7.80 6.00 78000 9179 715.96
7.80 6.20 78000 9485 739.83
7.80 7.10 78000 10861 847. 16
CALIBRATION
Load: 1.0 VDC = 10,000 lbf
Strain: 1.0 VDC = 1532.23 yin/in




Stress and cyclic number data from dual amplitude cyclic


















































































































































ycle Load Stress Cycl e Load Stress
Volts lbf/in2 Volts lbf/in 2
93 5.70 57000 117 5.30 53000
94 2.25 22500 118 1 .85 18500
95 5.70 57000 119 5.25 52500
96 2.25 22500 120 1 .80 18000
97 5.65 56500 121 5.20 52000
98 2.20 22000 122 1 .80 18000
99 5.60 56000 123 5.20 52000
100 2.20 22000 124 1 .75 17500
101 5.60 56000 125 5.20 52000
102 2.15 21500 126 1 .75 17500
103 5.60 56000 127 5.15 51500
104 2.10 21000 128 1 .70 17000
105 5.50 55000 129 5.10 51000
106 2.05 20500 130 1 .65 16500
107 5.50 55000 131 5.10 51000
108 2.00 20000 132 1 .65 16500
109 5.45 54500 133 5.05 50500
110 2.00 20000 134 1 .60 16000
111 5.40 54000 135 5.05 50500
112 2.00 20000 136 1 .60 16000
113 5.40 54000 137 5.00 50000
114 1 .95 19500 138 1 .55 15500
115 5.35 53500 139 5.00 50000
116 1 .90 19000 140 1 .50 15000
CALIBRATION
Load: 1 .0 VDC = 10,000 lbf
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Data for calculation of average stress concentration
factors for monotonic local stress vs. nominal strain
curves at single amplitude cyclic loading test on a plate.
Strain Gage (1)
SAL Data Mono. Data
Nominal Nominal Local Local Kt Local Kt
Stress 9
lbf/in
Strain Strain Stress Stress
*»
^in/in ^uin/in lbf/in2 lbf/in2
444 29 9
926 229 382 4000 2.68 4000 2.68
2778 381 994 9750 3.03 10000 3.06
6481 839 1912 19000 2.58 20500 2.68
12936 1296 3136 31000 2.41 32750 2.47
18519 1830 4589 45000 2.47 49000 2.58
22222 2211 5737 56500 2.57 60000 2.65
27778 2668 7113 70500 2.60 74000 2.67
31481 2973 7649 74750 2.47 76500 2.50
31481 3202 8337 77500 2.53 78000 2.54
33333 3202 8949 79000 2.57 78000 2.56
33333 3278 9408 79500 2.62 78000 2.59
35185 3431 9943 80000 2.57 78000 2.53
35185 3431 10326 80000 2.62 78000 2.58
37037 3431 10632 80000 2.59 78000 2.55
37037 3583 10938 80000 2.57 78000 2.54
37037 3583 11091 80000 2.59 78000 2.55
























































































SAL Data Mono. Data
Nominal Nominal Local Local K
t
Local Kt
Stress Strain Strain Stress Stress
lbf/in2 ^in/in ^w-in/in lbf/in2 lbf/in2 i
35185 3431 10495 80000 2.64 78000 2.60
35185 3431 10975 80000 2.70 78000 2.66
37037 3431 11296 80000 2.67 78000 2.63
37037 3583 11616 80000 2.65 78000 2.61
37037 3583 11776 80000 2.66 78000 2.63
37037 3583 11937 80000 2.68 78000 2.65
AVERAGE K<_ 2.67 2.68
SAL - Single amplitude cyclic loading test data
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Data for calculation of average stress concentration factors
for monotonic local stress vs. nominal strain curves of dual
amplitude cyclic loading test on a plate.
Strain Gage (1)
DAL Data Mono. Data
Nominal Nominal Local Local Local
Stress Strain Strain Stress Stress
lbf/in2 >—in/ in yixi/ in lbf/in2 Kt lbf/in
2 K
t
152 306 3500 3250
1852 381 841 9000 3.28 8750 3.23
6481 610 1759 13000 2.83 13500 2.87
10185 1144 2677 27500 2.51 23000 2.54
13889 1449 3671 37500 2.62 38500 2.65
18519 2059 5125 52500 2.66 53750 2.69
29630 3050 8414 75500 2.65 77750 2.69
32407 3202 9102 77750 2.61 78000 2.62
34259 3355 9943 78000 2.60 78000 2.60
36111 3355 10096 78000 2.55 78000 2.55
36111 3355 10249 78000 2.57 78000 2.57
36111 3355 10402 78000 2.59 78000 2.59
36111 3583 10708 78000 2.54 78000 2.54
36111 3507 10861 78000 2.59 78000 2.59
36111 3583 10938 78000 2.57 78000 2.57
36111 3507 10938 78000 2.60 78000 2.60
AVERAGE Kt 2.61 2.62
Strain Gage (2)
152 319 3500 3250
1852 381 878 9250 3.39 9250 3.39
6481 610 1836 19000 2.97 19250 2.99
10185 1144 2794 28500 2.61 29000 2.64
13889 1449 3753 38500 2.68 39500 2.71
18519 2059 5190 52750 2.68 54250 2.72
29630 3050 8543 76000 2.68 78000 2.72
32407 3202 9262 78000 2.64 78000 2.64
34259 3355 10220 78000 2.63 78000 2.63
36111 3355 10539 78000 2.60 78000 2.60
36111 3355 10539 78000 2.60 78000 2.60
36111 3355 10699 78000 2.62 78000 2.62
36111 3583 11098 78000 2.59 78000 2.59
36111 3507 11178 78000 2.62 78000 2.62
36111 3583 11337 78000 2.61 78000 2.61
36111 3507 11337 78000 2.64 78000 2.64
AVERAGE K 2.66 2.67
DAL - Dual amplitude cyclic loading 1:est data
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Data from alternate calculation of average stress concentration
factors for unloading portion of initial loading cycle in
single amplitude cyclic loading test on a plate.
Nominal Local Local Mono . Data SAL Data
Stress
lbf/in2
Strain (1) Stress (2) Kt (l) Kt (2) Kt (l) Kt (2]
/* in/ in /^in/in
\m
37037 11244 11937 2.84 2.93 2.66 2.75
37037 11091 11776 2.89 2.88 2.62 2.70
35185 10708 11296 2.83 2.89 2.65 2.71
31481 9867 10575 2.88 2.99 2.70 2.80
27778 8796 9613 2.85 3.02 2.67 2.83
24074 7649 8332 2.78 2.91 2.61 2.73
18519 6196 6809 2.78 2.91 2.60 2.73
12963 4895 5448 2.90 3.03 2.71 2.84
7407 3595 4006 3.20 3.23 2.99 3.03
3704 2371 2884 2.86 3.23 2.68 3.03
1377 1762
2.88 3.00 2.69 2.82
Mono. - Monotonic data from eyelid stress -strain curve test
<rm
= 78,000 lbf/in2 E= 10.67 x 106 lbf/in2
SAL - Single amplitude cyclic loading test data
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Data for calculation of local stress for stress relaxation
behavior of single amplitude cyclic loading test on a plate
Mono. Data SAL Data
Nominal Local Local Local Local
Stress Stress(l) Stress(2) Stress(l) Stress(2)
Cycle lbf/in2 lbf/in* lbf/in2 lbf/in2 lbf/in2
1 37037 80000 80000 80000 80000
5 37037 80000 80000 80000 80000
10 36111 77361 77268 77537 77444
15 36111 77361 77268 77537 77444
20 35185 74722 74537 75074 74888
25 34259 72083 71805 72611 72333
30 34259 72083 71805 72611 72333
35 32407 66805 66342 67684 67221
40 32407 66805 66342 67684 67221
45 31481 64165 63610 65221 64665
50 31481 64165 63610 65221 64665
55 31481 64165 63610 65221 64665
60 31481 64165 63610 65221 64665
65 32407 66805 66342 67684 67221
70 30556 61529 60881 62761 62112
75 30556 61529 60881 62761 62112
80 29630 58890 58149 60297 59557
85 29630 58890 58149 60297 59557
90 29630 58890 58149 60297 59557
Sm = 37037 lbf/in2
Cm = 80,000 lbf/in2
Mono. -Mono tonic data from cyclic stress-strain curve test
E = 10.67 x 10 6 lbf/in2
SAL - Single amplitude cyclic loading test data




Stress and strain data from unloading portion of initial
loading cycle from dual amplitude cyclic loading test on
a plate.
Nominal Local Local Nominal Local
Load Strain(l) Strain(2) Stress Strain(l) Strain(2)
Volts Volts Volts lbf/in2 ^in/in ^in/in
3.8 7.10 7.10 35185 10861 11337
3.4 6.30 6.30 31481 9637 10060
2.3 4.50 4.50 21296 6884 7186
1.1 2.30 2.50 10185 3518 3992
0.10 1.00 1.10 926 1530 1757
0.0 0.90 0.95 1377 1517
0.60 0.0 0.20 -5556 319
CALIBRATION
Load: 1.0 VDC= 10,000 lbf
Strain: 1.0 VDC= 1523. 23>/in/in
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Data from alternate calculation of average stress concentration
factors for unloading portion of initial loading cycle in
dual amplitude cyclic loading test on a plate.
Nominal Local Local Mono. Data DAL Data
Stress Strain (1) Strain (2) Kt (l) Kt (2) Kt (l) Kt (2)
lbf/in >*in/in y^in/in
35185 10861 11337 2.88 2.84 2.75 2.84
31481 9637 10060 2.80 2.77 2.67 2.77
21296 6884 7186 2.76 2.71 .64 2.71





1757 1.76 2.64 1.68 2.64
1517
319 2.64 2.20 2.53 2.20
2.51 2.61 2.40 2.61
Mono. -Monotonic data from cyclic stress-strain curve test.
<3"m = 78,000 lbf/in2 E = 10.67 x 10 6 lbf/in2
DAL - Dual Amplitude cyclic loading test data.












































































































r>-i—ir»i—(r-»r-ip>.T-ir^i—i r-» 1—1 r»« r-ir^»i—ir^r-ir^r-ir^r-ir^r-tt^
C C
one






iN^)MvOvO^CM^O(N'fi\OCr)vOvO<J, vO<J, CN<J, vOvJ, ^>J, n^
ooMoocNONooMoocMOOOcMiniNinOiriNinwiriMri





























o •H T3 -U
"w' e Cd r-l
o O













































cti r^- a> r^ cr» i— ooocTir^ONr^c^r^aNr^cTir^cTii—MHNHNHCMHNHNHNHNHiNHN CTi vO 0> "*0 ON<N H CM H N
<t» >d" f^ «* r^iTKtOvtO (3n I






























u •H T3 -
*»• g cd r-4
O o O
















































































u •H -a u
>«• s cd 1-1
o o























cd « \ CO 1—1 CO rH CO i—
1
CO r-i CO rH CO rH r^» r-i r>» rH
a s-i c vO 1-1 vO rH vO rH vO r-i vO rH vO i—
1
<t r-i <t rH




cd C C w




ON r-i ON r-i ON i—
1
ON 00 ON vO CO
e u c ON O CM o ON CM CM <t CM <f CM <t CM -ci- VO st r^ oo
o -u -5 00 vO 00 vO 00 in 00 <t oo <t 00 <t 00 st vO <t • •Z C/3 ^ CN i—l CM i—
1
CM rH CM r-i CM rH CM rH CM r-i CM rH ON vO
CM ON
m m
rH CN rH r-i
CO CO fi
C to i-l VO co O CO vO co vO CO vO CO vO CO vO CO O CO II II CM
rl (UV m ON co ON m ON m ON m ON m ON m ON co ON C
S H'w m m vO m m m m m m m m m m m vO m UUH
O U £i o r^ ON r^ o r^ O r^ o r* o [^ o r» ON i^» Q Q ^Z W rH co i-i CN r-i CO i—
i




/-v M rH • •
CN H rH rH VO
v-^
2 O CMo /—S /"-S •
c PQ o rH CM ON
rH 1-1 CO rH *« >w' v—^ in
cd c« u o m m m m m m m m m m m m m m m J O CM
O ^H ON r- 00 r^ 00 r^. 00 r^ 00 r^ 00 r^. 00 r^ oo r>. < i—
1
co cu onQUO CJ 00 00
r-1 C/J > vO st vO <t vO st vO <t vO v vO <t v <t VI II cd cd ii
o o
u o
/-^ p C C Q






c • u u •H rl W 1— W W H
cd cd 4J m m m m m m m m in m m m m m m m
O 5-4 t—1 ON <0 ON vO ON vO ON vO ON vO ON vO 00 vO 00 vO
o u o • • • • • •J CO > vO < vO st vO <r vO <t v. <t vj st vO <t vO st T3 C co
cd iH CO
o cd cu
rH rJ u u
cd G U 4JCrl (0 C/J CO
•rl Q) il o m m m O o m m in m m m m m m m
6 r4 rH ON o 00 o ON o 00 ON 00 ON 00 ON 00 ON r^ ON
O -U O







u •H T3 4J o








co rH co i—
i
co rH CO rH
a) cu
i-» 1-1
& o o rH CM CO St m vO r>» OO ON o rH CM CO St
cd >> ON o o O o O o o o o o rH rH rH r-i I—
1




Data for calculation of local stress for stress relaxation
behavior of dual amplitude cyclic loading test on a plate









1 36111 78000 78000 78000 78000
5 36111 78000 78000 78000 78000
9 36111 78000 78000 78000 78000
13 36111 78000 78000 78000 78000
17 36111 78000 78000 78000 78000
21 34259 72277 72129 72537 72388
25 33333 69416 69194 69805 69853
29 33333 69416 69194 69805 69853
33 33333 69416 69194 69805 69853
37 33333 69416 69194 69805 69853
41 33333 69416 69194 69805 69853
45 33333 69416 69194 69805 69853
49 34259 72277 72129 72537 72388
53 32407 56555 66258 67073 66777
57 32407 56555 66258 67073 66777
61 32407 56555 66258 67073 66777
65 32407 56555 66258 67073 66777
69 32407 56555 66258 67073 66777
73 32407 56555 66258 67073 66777
77 32407 56555 66258 67073 66777
81 32407 56555 66258 67073 66777
85 30556 60835 60391 61613 61168
89 30556 60835 60391 61613 61168
93 30556 60835 60391 61613 61168
97 29630 57974 57455 58881 58363
101 29630 57974 57455 58881 58363
105 30556 60835 60391 61613 61168
109 30556 60835 60391 61613 61168
113 29630 57974 57455 58881 58363
Sm = 36111 lbf/in2
<Tm = 78,000 lbf/in2
Mono. - Mono tonic data from cyclic stress -strain curve test
E = 10.67 x 10 6 lbf/in2
DAL - Dual amplitude cyclic loading test data.




Data for calculation of local stress for stress relaxation
behavior of dual amplitude cyclic loading test on a plate









2 23148 37944 36907 39759 38722
6 23148 37944 36907 39759 38722
10 23148 37944 36907 39759 38772
14 23148 37944 36907 39759 38772
18 23148 37944 36907 39759 38772
22 21296 32222 31036 34296 33111
26 21296 32222 31306 34296 33111
30 21296 32222 31036 34296 33111
34 21296 32222 31036 34296 33111
38 21296 32222 31036 34296 33111
42 21296 32222 31036 34296 33111
46 21296 32222 31036 34296 33111
50 19444 26499 25166 28832 27499
54 18519 23641 22233 26104 24696
58 19444 26499 25166 28832 27499
62 18519 23641 22233 26104 24696
66 18519 23641 22233 26104 24696
70 18519 23641 22233 26104 24696
74 18519 23641 22233 26104 24696
78 18519 23641 22233 26104 24696
82 18519 23641 22233 26104 24696
86 18519 23641 22233 25104 24696
90 17593 20779 19298 23372 21890
94 17593 20779 19298 23372 21890
98 17593 20779 19298 23372 21890
102 17593 20779 19298 23372 21890
106 17593 20779 19298 23372 21890
110 17593 20779 19298 23372 21890
114 17593 20779 19298 23372 21890
Sm = 78,000 lbf/in2
<rm = 36111 lbf/in2
Mono. - Monotonic data from cyclic stress-strain curve test
- E = 10.67 x 10 6 lbf/in2
DAL - Dual amplitude cyclic loading test data.




Initial stress and stress relaxation rate parameter data
from uniaxial and plate cyclic loading tests.
Initial Relaxation
Stress Rate Type of Test
lbf/in2 Parameter
Plate
Data from uniaxiam specimen cyclic
3.427
stress-strain curve test
79220 SAL test Kt=2.85 Strain Gage (1)
79470 3.752 Kt=2.95 Strain Gage (2)
78080 2.593 DAL test Kt=3.09 Strain Gage (1)
78100 2.671 (high) Kt=3.17 Strain Gage (2)
39030 6.350 DAL test Kt=3.09 Strain Gage (1)



















=2.95 Strain Gage (1)
78070 2.534 (High) Kt=3.03 Strain Gage (2)
70650 5.594 (Low) K
t
=2.95 Strain Gage (1)




76930 3.168 DAL (High)
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